The combination of physisorption experiments with simultaneous in situ small-angle X-ray and neutron scattering (SAXS/SANS) was used to elucidate the porosity in mesoporous silica with a trimodal pore structure. The material ("KLE-IL") contains spherical mesopores of 14 nm in diameter, worm-like mesopores (2-3 nm), and micropores, templated by a block copolymer and an ionic liquid surfactant, while the micropores originate from the hydrophilic block of the block copolymer. The main objective of the study was the quantification of the microporosity and the small mesopores and to find out if they are indeed located between the larger, spherical mesopores. Our in situ SAXS/SANS experiments took advantage of contrast matching of nitrogen (SANS, T = 77 K) and dibromomethane (SAXS, T = 290 K). By using the latter gas with a slightly larger kinetic diameter, it was possible to judge the accessibility of the pores under ambient conditions. The in situ experiments were supported by high-precision ex situ physisorption. Using suitable approaches for the SAXS/SANS analysis, it was possible to separate the content of the micropores and small mesopores.
Introduction
A comprehensive structural characterization of novel nanoporous materials has become more important than ever for the optimization of existing and potentially new applications in the areas of separation, catalysis, gas storage, and so forth. The most popular method to obtain surface area, average pore size, pore size distribution, and porosity information from powders and porous solids is gas adsorption. Significant progress has been achieved during recent years with regard to the understanding of the adsorption mechanism of fluids in narrow pores and the subsequent improvements in the pore size analysis of materials with highly ordered pore structures (e.g., M41S materials). However, there are still many open questions concerning the phase and sorption behavior of fluids in more complex pore systems, such as materials with hierarchical pore structures, which are of interest for practical applications in catalysis, separation, and adsorption. For instance, fluids adsorbed in ordered cage-like mesoporous materials, and hierarchically structured micromesoporous materials can exhibit very complex, but very interesting pore condensation and hysteresis behavior. A combination of phenomena such as delayed pore condensation, pore blocking/percolation, and cavitation induced evaporation has been observed and discussed in the past years. [1] [2] [3] [4] [5] [6] [7] These complex hysteresis loops introduce of course a considerable complication for pore size analysis, but if interpreted correctly, they provide important information about the pore structure/network, which is crucial for obtaining a comprehensive and accurate textural analysis of advanced micromesoporous materials.
Recently, the combination of a physisorption experiment with small-angle neutron and X-ray scattering (in situ-SANS/SAXSphysisorption) was introduced to provide more details about porosity and connectivity, which cannot be obtained by the single methods themselves. The use of this combined technique gave relevant results on sorption theory and represents an elegant way to describe the physisorption process in mesoporous materials. [8] [9] [10] [11] [12] [13] [14] In particular, it revealed important insights in the study of connectivity and pore accessibility in hierarchical mesoporous frameworks. In our previous work, a hierarchical mesoporous silica was studied in detail, denoted as "KLE-IL". 8 This system reveals a trimodal pore size distribution with maxima at around 1.3 nm, 2-3 nm (cylindrical/worm-like mesopores), and 14 nm (spherical mesopores). Here, we define a "hierarchical" pore system as a pore architecture with the small pores being located in the walls of the larger ones. In addition to the ordered mesoporosity arising from the templating action of the KLE block copolymer (producing the 14 nm spherical mesopores) and of the surfactant-like C 16 mimCl ionic liquid (IL) (generating the 2-3 nm cylindrical/worm-like mesopores), a considerable amount of microporosity is present in such materials. Thus, the pore structure of KLE-IL is considered to be hierarchical, since the micropores (1.3 nm) and the small mesopores are supposed to be situated between the 14 nm mesopores (see Scheme 1). A large part of the microporosity is related to the templating of lyotropic phases of block copolymers containing poly(ethylene oxide) (PEO) chains as the hydrophilic block, which is embedded molecularly in the silica matrix, resulting in cavities of similar size in the pore walls after removal of the template by heat treatments. 9, 15, 16 The present study represents an extension of our two recent publications on KLE-IL silica, 8, 17 in which the following results were obtained:
1 Ref 17 (2006) : It was shown and quantified by high precision nitrogen and argon physisorption measurements that this material possesses 14 nm KLE mesopores, IL mesopores of ca. 2-3, nm and micropores. As main result, it was demonstrated indirectly that emptying of the KLE mesopores is hindered, because they are connected by the smaller pores, and that the emptying occurs via cavitation and not pore blocking. Furthermore, the size of the KLE mesopores was confirmed by SAXS measurements. 2 Ref 8 (2007) : In this publication, we showed that the in situ SANS/physisorption setup at Helmholtz-Zentrum Berlin (HZB) (formerly Hahn-Meitner-Institute) is suitable to study details of the physisorption in KLE-IL silica, using the principle of contrast matching between condensed nitrogen and silica. The in situ SANS data indicated that the majority of the IL mesopores and micropores were located between the KLE mesopores. Thus, the latter result was important with respect to the proof the cavitation mechanism in our former study, as the draining of KLE mesopores through the significantly smaller necks is the origin of the hindered pore emptying.
The current study represents the continuation of these investigations to address further fine details of the porosity and the analysis of mesoporous materials in general. In light of our two previous publications, KLE-IL has turned out to be ideal for our studies on the validation of methods of analyses and on hindered mesopore emptying, because the pore sizes and morphology are exactly known. On the basis of our previous publications, the present study is focused on several detailed issues, which had not been considered in our previous works:
1 Even though in literature can be found several works which address the issue of the microporosity in templated mesoporous systems, 18, 19 this topic in KLE-IL silica, and in similar hierarchical mesoporous systems in general, has not been studied in depth using in situ sorption-SAS methods. Hence, we addressed the question regarding whether it is generally possible to detect micropores in a material with different pore sizes by our in situ scattering setups coupled with physisorption devices. This issue was addressed using the KLE-IL silica as test material. 2 Our previous studies could not reveal whether the micropores are all located between KLE mesopores. As introduced in ref 8, the analysis of the changes in the Bragg reflection intensity of the KLE mesopores upon filling the micropores serves as an appropriate method. 3 The combined sorption-SAS experiment was used to validate state-of-the-art physisorption analysis: we attempted to quantify the microporosity in such a complex pore system (possessing three types of pores in micro/mesopore region), regarding both the micropore volume and the micropore sizes based on the SANS data. 17, 20 In general, the majority of in situ adsorption/SANS or SAXS experiments are based on the principle of "contrast matching" between silica and the condensed liquid. In this study, for SANS and SAXS we used nitrogen and dibromomethane as the adsorptives, respectively. Liquid nitrogen has got almost the same scattering length density of silica regarding neutrons (F b,nitrogen 
). Similarly, condensed dibromomethane has almost the same mean electron density as silica. The following considerations are referred to nitrogen (SANS) but are also valid for dibromomethane (using SAXS). In SAS experiments, scattering curves are obtained as intensity I(s) versus the modulus s of the scattering vector s = (2/λ)sin θ, with λ being the wavelength and 2θ the scattering angle. Since this scattered intensity I(s) is related to the square of the difference in scattering length densities F b of void and silica/adsorbate,
2 only unfilled pores contribute to the scattering signal.
9-14 Scattering curves can thus provide information on the sorption mechanism as well as the pore system.
Since it is difficult to separate the micropores' contribution from the scattering pattern (i.e., in reciprocal space), the SANS curves obtained during nitrogen physisorption were analyzed by the concept of the "chord-length distribution" (CLD, i.e., in real space). Previously it was demonstrated that this transformation gives illustrative insights into structural and topological details of general two-phase systems with sharp or diffuse phase boundaries. 9, [21] [22] [23] Thus, the present study complements our previous studies with a detailed analysis of the microporosity and also shows that in situ-SANS/SAXS-physisorption is a suitable tool to get important information also on small pores in a complex pore structure. A further objective is to demonstrate approaches to analyze the in situ-SAXS/SANS-physisorption data of materials without a very high degree of order, but still possessing a well-defined porosity.
The material used in the present study (KLE-IL silica) could not be taken from the same batch as that described in ref 8, but was prepared accordingly and thus has the same features regarding the porosity (see Table 1 ).
Experimental Section
In Situ SANS. The experiment was performed at the membrane diffractomer V1, which is placed in the cold neutron guide (λ = 0.6 nm) of the Helmholtz-Zentrum Berlin. This line is particularly suitable for the study since it allows to analyze higher regions of scattering vector and thus to investigate the micropore regions in more detail. By varying the angle of the sample-detector distance, the scattering intensity was collected in the range of 3.34 Â 10 -3 nm -1 < s < 1.12 nm -1 (0.1°< 2θ < 34°). The scattering vector s is defined as s = (2/λ)sin θ, with λ being the wavelength and 2θ the scattering angle. The relative pressure of the nitrogen p/p°(where p°is the saturation pressure at 77 K) could be controlled during the experiment. Before performing each scattering measurement, the sample material was filled with a certain amount (n/n°) of condensate by using an appropriate gas adsorption sample environment (CGA-PT), which allows a direct in situ measurement of an entire pV isotherm. The KLE-IL silica material was situated in an aluminum cylindrical cell mounted on the coldfinger of a closed-cycle refrigerator stabilized at 77.3 ( 0.004 K. The collected scattering patterns were then analyzed by means of the chord-length distribution method (see Theory section). This approach can be applied just in the case of ideal two-phase systems. In order to respect this condition by subtraction of a constant background, the Porod law was fulfilled (s -4 asymptote at high values for s). The experimental uncertainties in the Porod regime can be due to data noise and three-dimensional fluctuations of scattering length density. After this treatment, the corrected SANS data were evaluated by calculating the CLD in a parametrized form.
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In Situ SAXS. For the in situ small-angle X-ray scattering (SAXS) measurements in conjunction with sorption of a fluid in the sample, a special custom-made apparatus was designed. For further details of the setup, see refs 10,11. The sample powder was carefully pressed into a stable pellet of 3 mm diameter and 0.3 mm thickness. Before starting a sorption experiment, the sorption cell was evacuated at a pressure below 10 -3 mbar at a temperature of 80°C for one hour, but the sample had been kept under vacuum at 120°C prior to bringing it into the in situ cell. For sorption experiments, the cell was thermostatted at 17°C to be the coldest point in the system, while the liquid reservoir stayed at ambient temperature of 25°C. The liquid adsorptive dibromomethane CH 2 Br 2 was used as received. The sorption cell was controlled remotely by a custom-written software program, which allowed continuous adsorption and desorption scans.
In the present work, the KLE-IL silica material was used to study sorption of the organic liquid dibromomethane CH 2 Br 2 in situ. Using this organic compound, the in situ experiment takes advantage of the principle of scattering contrast matching between the condensed liquid and the amorphous silica matrix, which have almost the identical electron densities. Hence, in the course of increasing the relative vapor pressure p/p°of CH 2 Br 2 , filled pores no longer contribute to the scattering signal, and thereby, the filling process can be studied in detail.
The SAXS measurements were performed at the beamlines A2 24 and BW4 25 at the Hamburger Synchrotronstrahlungslabor (HASYLAB)/Deutsches Elektronen-Synchrotron (DESY) in Hamburg, Germany. The synchrotron radiation was monochromatized by a double crystal monochromator to an energy E of 8.27 keV and 8.979 keV (ΔE/E = 10 -3 ), respectively, focused by a single mirror, and the cross section of the beam was defined by aperture slits to 0.5 Â 0.5 mm 2 at the sample position. For the detection of the scattered photons, a charge-coupled device (CCD) X-ray area detector (marCCD 165, marUSA, Evanston, IL, USA) with a resolution of 2048 Â 2048 pixels (pixel size 79.1 Â 79.1 μm 2 ) was used. The precise sample-to-detector distance was determined by a calibration with a standard sample of silver behenate.
26 A total range of the scattering vector s of 0.03 nm -1 < s < 0.38 nm -1 was covered. In order to avoid air scattering, a vacuum flight tube was inserted between the sample and the detector. The transmission of the investigated sample at each sorption state was determined in situ by using an ionization chamber before the adsorption cell for monitoring the primary synchrotron X-ray flux and a photodiode mounted in the beamstop for measuring the transmitted photons. An exposure time of 60 s yielded a scattering pattern with excellent counting statistics. The scattering patterns were corrected for background scattering, electronic noise, transmission, and polarization by using the data reduction software program FIT2D.
27 All specimens showed 13 a The NLDFT analyses were calculated from the adsorption branch of the nitrogen physisorption isotherm at 77 K by applying the kernel of metastable adsorption isotherm based on spherical/cylindrical pore model for the system nitrogen (T = 77.4 K)/silica. The BET surface area was calculated in the range 0 < p/p°< 0.15. 
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isotropic scattering patterns, which were azimuthally averaged for equal radial distances from the central beam.
Theory
General Concept of the "Chord-Length Distribution" (CLD). Since the application of a specific structural model is not suitable to analyze the microporosity from the SANS data of the present material, the concept of the so-called "chord-length distribution" (CLD) was applied. This concept, previously introduced by M ering and Tchoubar, 28 is a suitable method for the qualitative and quantitative analyses of SAXS and SANS of twophase systems. The relationship between the CLD g(r) and the autocorrelation function γ(r) is given by
where l p is the averaged chord-length ("Porod length") of the system, l p is the first moment of g(r). The CLD represents a quantitative statistical description for the distances connecting two-phase system boundaries. It contains the complete structural information obtainable from non-normalized scattering intensities such as average pore size, prevalent length scale, correlation lengths, and surface area. The specific surface area per volume S/V is directly correlated to the Porod length l p
where j is the volume fraction of one of the two phases, l p is the first moment of the CLD.
In the limit of large s, the SAS intensity I(s) is related to l p and the surface S/V by Porod's law (limit of large s)
where
is the so-called "Porod invariant". The Porod length is also related to the averaged chord-length of the solid (l b ) and the one of pore/voids (l v ) by
Thus, l p allows to calculate the average pore size and average wall thickness without assuming any pore morphology. 9, 22, 23, 30 Results and Discussion Summary. In light of the complexity of the analysis of the SAXS and SANS data, the main results are briefly summarized in the following prior to the detailed description in the following chapters:
1 Our in situ setup allowed for realizing sufficiently small pressures for micropore analysis. 2 The micropore size and the size of the small mesopores (2-3 nm) can be reasonably determined by the concept of the "chord-length distribution" (section 4.3).
3 The volume fraction of micropores and small mesopores (2-3 nm) can be determined from SANS/SAXS data by analyzing the intensity shifts of the Bragg peak of the ordered, larger 14 nm mesopores (section 4.4). 4 The volume fraction obtained from in situ SAXS/ SANS for the micropores and small mesopores are in reasonable agreement with the analysis of ex situ highprecision physisorption data by the NLDFT method.
1. Ex Situ Nitrogen Physisorption Data. Even though the sample analyzed could not be taken from the same batch as in our previous work, it showed identical features regarding the mesoporosity. High-precision ex situ nitrogen physisorption measurements were performed to ensure that the porosity of the sample corresponded to the one previously studied. The sorption characteristics are summarized in Table 1 . The BET surface area and the overall pore volume were only slightly different compared to our previous study. 8 The pore size analysis was carried out by applying the non-local density functional theory (NLDFT).
17,31 Figure 1 presents the isotherm in linear and semilogarithmic coordinates ( Figure 1A , B), the pore size distribution ( Figure 1C ), cumulative pore volume and cumulative surface area ( Figure 1D ). It should be noted that there is a difference between the small volume of the micropores and the large surface area that they occupy. On the contrary, the big mesopores created by the templating action of the KLE block copolymer presented a relatively larger pore volume and smaller surface area contribution than the other types of pores. Note that a certain difference is observed between the surface area determined from the BET method and the NLDFT approach, which is probably due to the overlap of sorption in the micropores and IL mesopores in the range where the BET model was applied.
2. In Situ SANS-Nitrogen Sorption Data. Figure 2A shows SANS patterns of the material at different relative pressures of nitrogen between 0 < p/p°< 1, i.e., at representative points on the adsorption branch of the nitrogen isotherm. For the sake of clarity, and considering that our study is focused on the investigation of the micropores and small IL mesopores, the majority of the SANS curves to be analyzed were taken in the low-pressure region, presented in Figure 2B , corresponding to micropore filling, which lays approximately in the range 0 < p/p°< 0.1.
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Similar to our previous work (see ref 8), the SANS patterns showed interesting features concerning the porosity and the pore filling of the KLE-IL material. At the void state (p/p°= 0), the shape of the SANS curve for scattering vectors s < 0.25 nm -1 was mainly determined by the spherical 14 nm KLE mesopores (in particular, the prominent Bragg reflection at s = 0.05 nm
). The maxima at s = 0.12 nm -1 and s = 0.2 nm -1 are maxima of the form factor of the spherical KLE mesopores. The broad band at s = 0.25-0.3 nm -1 was assigned to the small IL mesopores, and the scattering at s > 0.42 nm -1 was supposed to originate from micropores.
The basis for the analysis described below is the fact that the mutual arrangement of the micro-and mesopores in the silica matrix is reflected by distinct changes in the relative intensity of the different regions within the SANS or SAXS curves as a function of p/p°. With the pores being consecutively filled, the SANS curve taken at the evacuated state thus underwent characteristic changes at different pressures and in different regions of the scattering vector. Starting from p/p°= 0, the scattering curve in the region s < 0.1 nm -1 underwent a significant, continuous overall increase up to p/p°= 0.2, which corresponded to the filling of the micropores and small mesopores due to the increase in the average scattering length density of the silica matrix separating the KLE mesopores (see below and ref 8). These findings and the semiquantitative evaluation developed already in ref 8 had provided direct evidence of hierarchical organization of the pore network regarding the IL mesopores and the KLE mesopores, revealing that a vast majority of the IL mesopores were located between the KLE ones. The present set of SANS data thus again confirmed this particular "up" and "down" in the intensity of the first Bragg maximum.
Finally, at p/p°= 0.99 the drastic decrease in the Bragg peak intensity revealed that also the KLE mesopores got filled. The incomplete disappearance of the peak can be referred to the slightly imperfect matching of the scattering length density of silica and nitrogen or to a very small fraction of inaccessible porosity. Note that the SANS data in Figure 3A are presented in logarithmic scale, so that the residual intensity appears relatively large, but actually is ca. 1.5 orders of magnitude smaller than in the evacuated state.
3. In Situ SAXS Data Using Dibromomethane. In situ SAXS experiments were performed using dibromomethane as probe gas. In this case, experiments were performed at T = 17°C, i.e., ambient temperature, using a custom-made sorption cell, combined with a SAXS synchrotron beamline (HASYLAB). The saturation pressure of dibromomethane at this temperature is ca. 58 mbar. Unfortunately, the setup did not allow sufficiently large scattering vectors and also very small pressures needed to resolve micropores. Nevertheless, SAXS curves could be accurately measured at pressures where the micropores and IL mesopores were filled ( Figure 3B ), with the KLE mesopores being empty, thus enabling the quantification of the overall porosity of pores below ca. 3 nm (see chapter 4.4). It is seen ( Figure 3B ) that the SAXS curves in the evacuated state were almost identical to those obtained from SANS, thus confirming the usability of the SAXS data. Nevertheless, in the following the SANS data are used, mainly because larger scattering vectors could be more accurately measured than for the SAXS data. As discussed in depth in chapter 4.4, the main Bragg maximum undergoes a significant increase in intensity at pressures where micro-and small mesopores are filled, compared to the evacuated state. Also, the position of the minima shifts corresponding to the form factor of the spherical KLE mesopores. Since the explanation of these changes is quite intricate, it will be dealt with in a separate publication.
4. Analysis of in Situ SANS-Nitrogen Sorption DataFilling of Micro-and Small Mesopores. 4.1. General Aspects of the Chord-Length Distribution (CLD) of KLE-IL Silica. Since in our experiment the SANS setup covered a sufficiently large range of the scattering vector with good statistics, the CLD provided a reliable and complete characterization of the entire pore structure, including both micropores and mesopores. As discussed in the following, the CLD itself provided relevant and interesting information on the pore structure of such a complex material. The calculation of the CLD from experimental data is delicate, since it is dependent not only of the occurrence of the Porod law, but also on a sufficient data quality at larger scattering vectors s. In our experiments, these requirements were met for the SANS data acquired at HZB, allowing us to measure up to s = 1.1 nm -1 with high statistical significance of the data acquired at such large s. The Porod plot (s 4 Â I vs s 4 after background correction, Figure 2S in the Supporting Information) reached a plateau with the data points fluctuating moderately around the Porod constant, thus proving sufficient quality of the data at large s. For the data analysis, we used a recently described procedure based on an analytical transformation of experimental data.
29 Figure 4 shows the CLD of KLE-IL silica at p/p°= 0.06, when all the microproes are surely filled, in order to illustrate the shape of the CLD and its interpretation in terms of the void pores (small IL and KLE mesopores) present in the material. In general, the interpretation of CLDs has to be performed with great care, because maxima and minima at certain positions in this distribution do not necessarily directly reflect pores or pore walls of the corresponding size (Scheme 2). In general, the CLD can be regarded as the superposition of the distribution of different kinds of chords connecting different interfaces. For pore morphologies with only local order (as present in our silica), it is legitimate to interpret the first maxima as corresponding to the respective average pore diameters and wall thicknesses. In the case of the present material (Figure 4 ), the maximum for 0.5 nm < r < 3 nm corresponds to the average length of the chords connecting the interfaces of a micro-or IL mesopore. Thus, the minimum of r at about 4 nm represents the pore-to-pore distance of the IL mesopores. This preferential length corresponds to the maximum seen in the SANS data at s ≈ 0.3 nm -1
. Similarly, the maxima at r = 9 nm and r = 12-13 nm can be attributed to the walls between the KLE mesopores and the diameter of the KLE mesopores themselves, respectively. This interpretation is strongly supported by the CLD of a silica material only containing KLE mesopores ( Figure 4B) . 17, 33 The maximum observed at r = 6 nm probably corresponds to a chord spanning several interfaces (see Scheme 2) and is difficult to assign unambiguously. Such assignment of chords to distinct structural features (pore size, wall thickness, etc.) has to be done with great care and is usually quite speculative. However, as discussed in the following chapter, our assignment and also the conclusions about the microand mesoporosity were supported by the changes seen in the CLDs as a function of the relative pressure.
4.2. Analysis of in Situ SANS-Sorption Data by the CLD Concept. Figure 5 shows the CLDs calculated from the SANS data shown in Figure 2 at various low pressures, i.e., in the interesting region of filling the micro-and small mesopores. Also, in Figure 5A the CLDs are presented up to r = 10 nm only, thereby focusing on the micropores and small mesopores. Therefore, the impact of the KLE mesopores on the CLDs is not visible (see Supporting Information).
Similar to the SANS data themselves, the CLD has to be interpreted as a superposition of contributions from the three types of pores. Up to pressures of p/p°= 0.008, the CLDs presented a strong contribution at r < 1 nm, which could be attributed to the average size of the micropores, because this signal vanished for p/p°g 0.06, as expected for such small pores. The disappearance of this maximum in the CLD for p/p°g 0.06 coincides with the result from the physisorption analysis (see above). Thus, the filling of the micropores could be monitored independently by means of the SANS data and their analysis by the CLD concept. In particular, the SANS data were sufficiently accurate and the CLD analysis sufficiently sensitive to prove the absence of unfilled micropores at p/p°g 0.06 implying that indeed the majority of the micropores were accessible. Accordingly, the maximum/shoulder at around r = 2-3 nm in the CLD curve of the void sample (p/p°= 0) corresponded to a superposition of the IL mesopores and the walls separating them. On the basis of the general theory of the CLD, the minimum at r = 4 nm in this curve can thus be interpreted as the sum of the average IL mesopore diameter and the corresponding pore wall, being in good agreement with an IL mesopore size of 2-3 nm found by physisorption analysis. Also, this interpretation of the minimum at r = 4 nm is supported by the fact that it remained at this position with increasing filling, which is expected, since the average poreto-pore distance of the IL mesopores has to stay constant.
This minimum got more distinct at p/p°= 0.06, because the micropores were filled and thus the relative contribution of the IL mesopores to the CLD increased (note that the CLD is a normalized function).
A comprehensive representation of the CLD is the plot of r Â g(r) vs r ( Figure 5B ), because the prevalent length-scales are obtained from the first momentum of g(r), which is given by l p = R 0 ¥ g(r) dr. In particular, assuming that no spatial correlation exists between the micropores and the mesopores, this representation of the CLD of the evacuated material allowed an estimate of the average pore sizes. Under the aforementioned assumption, the average micropore size (see Figure 5b and Table 2 ) was ca. 1-1.2 nm, being in quite good agreement with the NLDFT analysis of ex situ high-precision physisorption data. 8, 17 Note that our experimental SANS setup indeed allowed us to resolve such small pores, because the maximum value of the scattering vector was s > 1 nm -1
. Although a truly quantitative interpretation of the CLD has to take into account the pore morphology, evidently good agreement could be obtained in comparison with the physisorption analysis.
Significant changes in both g(r) and r Â g(r) were observed as a function of pressure for 1.5 nm < r < 5 nm, corresponding to the size range of the IL mesopores. In the CLD itself ( Figure 5A ) and also in r Â g(r) (Figure 5B ), the maximum around r = 2 nm increased for p/p°g 0.008, appearing as a pronounced maximum for p/p°g 0.06. This increase was due to the definition of the CLD as a normalized distribution: hence, the disappearance of the micropores resulted in a correspondingly higher contribution of the IL mesopores to the CLD. For the same reason, the minimum around r = 4.5 nm (average distance between mesopores) appeared more pronounced upon an increase in pressure. For the IL mesopores, a maximum (interpreted as a pore size) in r Â g(r) was observed at r = 2.5-3.0 nm, this value being in close agreement with the pore size distribution analysis. However, it should be emphasized that the maximum around 2.5-3.0 nm also contained the contribution of the silica matrix between the IL mesopores. The 14 nm KLE mesopores appeared as the contributions beyond ca. 8 nm and produced the minimum at ca. r = 20 nm, corresponding to the average distance between the KLE mesopores. The layer formation on the walls of the IL mesopores was hardly visible, since the sizes of the IL mesopores and the walls were of the same order of magnitude, thus producing only one maximum in g(r). Also, it should be noted that the elucidation of such fine details exceeds the accuracy of the measurements, taking into account that the IL mesopores possessed significant dispersity in size and shape.
In conclusion, the CLD analysis proved to be highly useful to determine the pressure at which filling of micropores and IL mesopores was completed, thus helping to interpret the SANS data themselves. In particular, the increase in the intensity of the Bragg maximum at small pressures (e.g., seen in Figure 2 at p/p°= 0.11) could thus be directly correlated with the "vanishing" (filling) of the micropores seen in the CLD. Thus, this common finding also proves that the majority of the micropores were located between KLE mesopores (see section 4.4).
4.3. Porod Length Analysis. The filling of the micropores and small mesopores was further analyzed by means of the Porod length l p and related quantities (see above). The r Â g(r) curves, the integrated area of which being l p , were divided into two parts: a first part (see Figure 6 ) from 0 to 2 nm representing the micropore region (giving rise to a mean "micropore" Porod length l p,micro ), and a second one from 2 to >20 nm being mainly determined by the superposition of the small IL mesopores and the walls between them. The influence of the KLE mesopores (14 nm) can be neglected in such analysis. In this analysis, it was assumed that the micropores and IL mesopores are not spatially correlated; thus
The obtained values are shown in Table 3 and plotted versus the relative pressure in Figure 7 . Figure 7A reveals that l p micro possesses a value of ca. 0.7 nm, which can reasonably be interpreted as corresponding to a mean micropore size, considering an experimental error of ca. 10%. Note that for pressures p/p°= 0.01 Figure 7A shows the chord-lengths formally calculated (for the sake of comparability with the lower pressures) as l p,micro by the aforementioned method, but these values reflect the chord-lengths of the IL mesopores and the walls separating them, since the micropores are already filled at such pressure. Interestingly, l p,ILmeso increased already below p/p°= 0.1. Despite the imprecision in the estimation of l p,micro due to the superposition of different sorption phenomena taking place at the same time like micropore filling and sorption in IL mesopores, through eq 1 it is possible to estimate the value of the micropore volume fraction (φ micro , the definition is given in eq 5) of the sample from the CLD of the evacuated sample, i.e., by l p,micro = 4φ micro (1 -φ micro )V/S micro . While l p,micro was obtained from in situ SANS (via separation from the CLD; see Figure 7 ), S micro /V could be calculated from the physisorption data: In principle, the micropore surface area per volume S micro /V is given by
where F SiO 2 is the mass density of silica, φ TOT the total volume fraction of all kinds of pores (calculated from eq 5 using the values obtained by NLDFT model, Table 1 ) and S micro/m , the micropore surface area per gram, also obtained by the sorption measurement. On the basis of the analysis of l p from the SANS of the evacuated sample, we thus obtain a value for φ micro = 0.025, Figure 6 . Separation of the micropores in the CLD at p/p°= 0.0001. 0.9-1.3 1-1.2 n.a.* a n.a.*: not applicable. The values of the volume fraction of the material were calculated by means of the eq 5.
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which is near the one (φ micro = 0.036) calculated by the sorption analysis with the NLDFT kernel ( Table 1) . The CLD can also be used to calculate the relative interfacial area as a function of relative pressure. The remaining interface area was calculated from the changes in the Porod invariant Q and l p as described in eqs 1-3. 9, 23, 34 Assuming that for our sample the majority of the micropores were filled at p/p°= 0.008, as described above, we can estimate a free interfacial area of 76% for this pressure. This value means that the contribution of the micropores to the overall surface area corresponded to 24%. The NLDFT evaluation (Table 1) provided a relative contribution of the micropores to the overall surface of 27%, which is obviously in good agreement with the value calculated through the Porod invariant Q. It can be excluded that the drop of surface area is significantly influenced by sorption in the IL mesopores and KLE mesopores, since the CLDs did not reveal drastic changes at the corresponding dimensions. Figure 7B also nicely qualitatively illustrates the continuous decrease in the surface area caused by layer formation at higher pressures.
4.4. Analysis of the Intensity of the Bragg Reflection as a Function of p/p°. 4.4.1. General Considerations. The following analysis is based on the procedure introduced in ref 1. The main goal is to obtain accurate values for the volume fraction of micropores and IL mesopores from the changes in the intensity of the Bragg peak at s = 0.05 nm -1 generated by the well-ordered KLE mesopores. Thus, this analysis allowed direct comparison with physisorption analysis by NLDFT. To determine the micropore filling (and to separate it from the filling of the IL mesopores), one has to focus on the SANS data in the pressure region 0 < p/p°< 0.1.
It is seen by the CLD analysis (see above) that the micropores started to be filled at quite low pressure, visible at ca. p/p°= 10 -4 in our in situ experiments. At p/p°= 0.115, the micropores were certainly completely filled (see CLD analysis), most probably already at p/p°= 0.008. Evidently, the main problem in separating the micropore filling from the adsorption in the IL is the fact that at such small pressures adsorption (layer formation) takes place also in the IL mesopores, while the condensation can be neglected, of course. However, not even one monolayer is formed on the IL and KLE mesopores at such low pressures. Subsequently, at higher p/p°also the small IL mesopores began to be filled, as can be seen by the vanishing of the corresponding scattering maximum at around s = 0.3 nm -1 in the SANS data. This series also evidenced the increase of the overall SANS intensity of the Bragg reflection at s = 0.05 nm -1 already at small pressures (Figure 2b) . 8 In particular, the intensity of the Bragg maximum continuously increased during filling of the micro-as well as the IL mesopores. As pointed out recently, 8 the changing of the relative overall intensity of the SANS curves was due to the increase in the average scattering length density of the silica surrounding the KLE mesopores, owing to the filling of the small IL mesopores and micropores, and thus contained information about the pores' mutual arrangement in the material and the amount of these smaller pores. Similarly, here the enhancement of the Bragg reflection for very low pressures already asserted that the micropores and IL mesopores were placed in between the KLE mesopores for this batch of material also.
In section 4.4.2, we describe the problem of the simultaneous micropore filling and layer formation in IL pores, which impedes the micropore analysis, and summarize the result. In section 4.4.3, the procedure is given in detail.
4.4.2. The Problem of Separating Micropore Filling and Layer Formation on the Walls of the IL and KLE Mesopores. The quantitative procedure described in section 4.4.3 to calculate the micropore and IL mesopore volume from the changes in the Bragg reflection of the KLE mesopore structure is based on the assumption that micropore filling and layer formation on the IL mesopores are subsequent phenomena. However, even in the lowpressure range where the micropores completely fill (at p/p°< 0.015) with adsorbate, adsorption (i.e., formation of a monolayer) takes place on the pore walls of the IL and KLE mesopores. However, in spite of this effect the determination of microporosity is still possible:
1 This formation of an adsorbed layer does not influence the analysis of the KLE Bragg reflection on the KLE mesopores, because it practically does not affect the mean density of the surrounding silica matrix. More importantly, the maximum thickness at such low pressures is ca. 0.3 nm (see below), which is significantly smaller than the KLE mesopore diameter. Such submonolayer layer formation has no appreciable effect on the form factor of the KLE mesopores (see Supporting Information) at those scattering vectors, where the Bragg reflection appears, i.e., the absolute intensity of the Bragg reflection is hardly affected by this slight modulation of the form factor of KLE mesopores. 2 However, in the case of the narrow IL mesopores (diameter ca. 3 nm) the formation of an adsorbed layer on the IL mesopore walls impacts the SAXS/ SANS Bragg analysis presented here. For instance, at p/p°= 0.008 (see Figure 2b) , where the majority of micropores has already been filled, the statistical thickness of the adsorbed liquid-like N 2 adsorbate layer is ca. 0.3 nm, based on a N 2 77 K reference isotherm obtained on amorphous silica LiChrosper Si-1000 silica, 35 which is close to monolayer thickness. This seems to be a reasonable value, since from an analysis of the N 2 isotherm on KLE silica in ref 10 one obtains a statistical thickness of 0.25 nm at a p/p°= 0.008, if one assumes that based on the BET analysis a monolayer is completed at p/p°= 0.1. Hence, assuming an adsorbed layer thickness of ca. 0.3 nm (as an upper limit) would result in a situation in which ca. 1/3 of the IL pore volume has already been filled. Despite this obstacle, it is still possible to extract the micropore volume fraction from an analysis of the scattering data: as described in the Supporting Information, the micropore volume is given by the value obtained from the "Bragg analysis" for p/p°= 0.008 (see Table 1 ). The difference (0.04 cm 3 /g) is thus in perfect agreement with the volume expected for a statistical layer on the IL pores (0.04 cm 3 /g, see Supporting Information).
Determination of Micropore and IL Mesopore
Volume from the SAXS/SANS Reflection of the KLE Mesopores. In general, the volume fraction of the micropores relative to the volume of the walls between the KLE mesopores is given by eq 4c. It is important to emphasize that in the following context φ micropores (and accordingly φ IL mesopores and φ IL mesoporeþmicropores ) is defined as volume fraction in relation only to the KLE pore walls, and not to the entire volume (which is the sum of pore volume plus the volume occupied by silica).
These φ values are defined in this way, because it is these quantities which can be obtained from the SAXS/SANS Bragg peak analysis (see below). By contrast, by φ we define the volume fraction of pores, in relation to the entire volume (i.e., including the KLE mesopores)
φ IL mesopores and φ IL mesoporesþmicropores are defined accordingly. These φ values are easily obtained from physisorption analysis, but cannot be obtained directly from the SANS data.
The procedure to extract the micropore volume fraction differs slightly from the one present in our previous work because the influence of both micro-and IL mesopores on the Bragg peak has to be considered: ð1 -φ micropores Þ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi I KLE -IL;evacuated ðsÞ I KLE -IL;microporesfilled ðsÞ q I KLE-IL,evacuated (s) and I KLE-IL,micropores filled (s) are the intensities (i.e., maxima) of the Bragg reflection of the KLE mesopores in the void state and for the situation where the micropores are filled, respectively. Note that it is legitimate to use the absolute values of the Bragg maximum and not mandatory to use the integral intensities, because the shape of the Bragg reflection remains unchanged upon the increase. In our recent study, we obtained a volume fraction of φ IL mesoporesþmicropores = 0.42 for the sum of the micro-and mesopores in the pore walls between the KLE mesopores.
While we define F b SiO 2 as the scattering length density of amorphous silica (according to a mass density of ca. 2.2 g/cm 3 ), we define F b evacuated as the average scattering length density of the silica matrix between the KLE mesopores in the evacuated state. We assume that the scattering length densities of silica and condensed nitrogen are practically identical (which is a valid assumption within an error of maximum ca. 5%). Hence, F b filled micropores is defined as the scattering length density of the matrix between the KLE mesopores with the micropores being filled but the IL mesopores being empty. Accordingly, F b KLE-IL, filled IL is defined as the scattering length density of the silica with IL mesopores (and hence also micropores) being filled. For this state, thus F b KLE-IL, filled IL ≈ F b SiO 2 holds true.
The latter approximation is valid, because φ IL mesopores φ micropores is rather small. This "trick" now allows the development of a relationship between the intensity of the Bragg reflection and the scattering length densities, as follows:
From the increase in intensity of the first Bragg maximum at p/p°of ca. 0.01 (filled micropores), we obtain value of the Bragg maximum in the evacuated state and the state with filled micropores. From the SANS data, we obtain I evacuated (s)/ I filledmicropores (s) = 0.7, and using eq 8, φ micropores = 0.16. Note that this value φ micropores represents the volume fraction of micropores in relation to the pore walls separating the KLE pores and not to the entire sample (φ micropores ). (Note that the value for the micropore volume fraction is blurred by the presence of layer formation in IL mesopores at small pressures.)
Applying the analysis of the Bragg reflection intensity to the changes in SANS intensity at pressures when the IL mesopores are also filled (at p/p°ca. 0.25; see isotherm), we obtain φ IL mesoporesþmicropores = 0.3 for the volume fraction of microand IL mesopores in the KLE pore walls (corresponding to an overall volume fraction of micro-and IL mesopores in the sample of φ IL mesoporesþmicropores = 0.25). Thus, the volume fraction of the mesopores φ IL mesopores in the pore walls amounts to ca. 0.14, corresponding to φ IL mesopores = 0.18 being in good agreement with high-precision ex situ physisorption analysis. These values could also be accurately obtained from the in situ SAXS measurements using CH 2 Br 2 ; we obtained φ IL mesoporesþmicropores = 0.26, i.e., in excellent agreement with the in situ SANS data. In summary, the porosity values obtained from SAXS/SANS are in good agreement with NLDFT physisorption analysis. The only main difference is given in the calculation of the micropore volume fraction. In this case, the value obtained by means of the scattering method could be overestimated, with a consequential underestimation of φ IL mesopores . This effect can be explained by the fact that the filling of the micropores is accompanied by the formation of layers of adsorbate in the small IL mesopores, which were, by definition, assumed empty. The difference between the micropore volumes determined by the analysis in this chapter and NLDFT (see Table 2 ) can be explained and reasonably estimated on the basis of a straightforward calculation (see section 4.4.2 and Supporting Information).
The value of φ micropores = 0.07 as determined by SANS/SAXS corresponds reasonably to the sum of the micropore volume determined by NLDFT analysis and the volume occupied by a adsorbate on the IL mesopore walls (see section 4.4.2 and Supporting Information). At least 50% of the value φ micropores = 0.07 is attributable to microporosity. The micropore value obtained from the SAXS/SANS Bragg evaluation represents a quite reasonable approximation of the dimension of the micropore volume even in the presence of a significantly larger volume of the IL mesopores. It is important to note that the value of increase in the Bragg intensity at p/p°= 0.008 cannot solely be explained by layer formation in the IL mesopores, but requires the presence of micropores. Thus, the approach of analyzing the SAXS/SANS is in full compliance with physisorption analysis.
Conclusions
In the present study, in situ SANS and SAXS data were obtained during sorption of nitrogen and dibromomethane, respectively, using a hierarchically structured silica with three types of pores (micropores, 2-3 nm mesopores, 14 nm ordered spherical mesopores). In particular, it is demonstrated that, using a suitable in situ setup, in situ SANS and SAXS allows the study of not only the mesoporosity, but also the microporosity of complex hierarchical pore structures with sufficiently high accuracy by comparing with state-of-the-art physisorption experiments coupled with DFT pore size analysis. A main purpose of the present study was to demonstrate approaches to quantitatively analyze in situ SAXS/SANS coupling with physisorption. Further, our experiments clearly reveal for the first time a quantitative assessment of micropore volume and micropore size distribution based on advanced SANS/SAXS analysis. The obtained micropore volume and average micropore size agreed well with the NLDFT pore size analysis based on nitrogen adsorption. We have demonstrated suitable approaches to analyzing the scattering data with respect to the determination of such small, disordered pores in a complex pore hierarchy. It was possible to prove that the majority of the micropores is located between the larger pores, being attributable to the templating of the PEO chains of the block copolymer. The data obtained with dibromomethane will be used to validate sorption theory for gases other than nitrogen and rare gases. It was shown that for ordered mesopore systems the analysis of the intensity of the first Bragg reflection can provide the micropore volume, if the layer formation of the IL mesopores is taken into account correctly.
Furthermore, highly valuable information is obtained about the distribution of the three different pores (see Scheme 3): in essence, it can be concluded that the vast majority of the IL mesopores and micropores are located between the KLE mesopores. In addition, it can be also inferred that there are no extended domains of isolated KLE mesopores, which are not connected by the smaller pores. Thus, in the templating process no demixing takes place between the ionic liquid and the block copolymer. These insights thus help to further understand the templating mechanism itself and similar materials produced by other block copolymer templates 36 or processed as film.
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Scheme 3. Different Scenarios for the Distribution of the KLE Mesopores (spherical 14 nm mesopores), IL Mesopores (worm-like, 2-3 nm) and Micropores a a The inhomogeneous pore distributions A and B can be excluded by the in situ SAXS/SANS experiments. In contrast, scenario C is valid, i.e., a homogeneous distribution of the small pores situated between the spherical mesopores. The different volume fractions φ were obtained by means of the eq 5 . In the case of the NLDFT method the single volumina were taken from Table 1 . The application of the Bragg peak analysis considers the determination from the scattering pattern of the "partial" volume fractions φ, i.e., the volume fractions of the pores (micropores and small IL mesopores) in the walls separating the KLE mesopores. Through the conversion of the eqs 4a-4c, the single volumina values can be obtained as follows:
where V SiO2 is obtained by the density of silica F SiO2 and the mass of the analyzed sample m SiO2 = 0.117 g. The value of V ILmesopores is obtained by the difference between V ILmesoporesþmicropores and V micropores . The pore volume fraction φ can be calculated then by means of the eq 5. Since V KLE pores cannot be determined with the Bragg peak analysis, the value obtained with the NLDFT is used also within this approach. The practical example of the φ micropores calculation is shown here below. 
